INTRODUCTION
Fumarate reductase (FRD) catalyses the reduction of fumarate to succinate and is a key enzyme for the anaerobic functioning of many organisms respiring with fumarate as terminal electron acceptor. The ability to reduce fumarate is a common property among Gram-negative bacteria and some facultative anaerobic Gram-positive bacteria. The reduction of fumarate is also important in the metabolism of eukaryotes such as green algae, protozoa, parasitic helminths and some lower marine organisms. Fumarate reduction is the reverse reaction of the oxidation of succinate to fumarate, catalysed by succinate dehydrogenase (SDH), which occurs in aerobic cells. FRD and SDH are structurally similar and both are associated as multi-subunit complexes to the membrane; in eukaryotes this is the mitochondrial membrane. The catalytic domain of each type of complex is comprised of two polypeptides, one containing an FAD group and the other containing three iron-sulphur clusters. The catalytic domain is anchored to the membrane by one or two small hydrophobic polypeptides, the whole comprising complex II of the respiratory chain. FRD and SDH of bacteria are distinct but homologous proteins that have been described, especially for Escherichia coli, in detail elsewhere [1] [2] [3] . In E. coli, FRD and SDH are differentially expressed depending on the environmental conditions. Recent results showed that some facultative anaerobically functioning eukaryotes also contain different genes encoding complex 11 [4, 5] . Interestingly, these eukaryotic genes showed more similarity to SDH, although these complexes II are known to function in vivo in the direction of fumarate reduction. This review will focus on eukaryotic complexes functioning as FRD and on their structural and functional relations with eukaryotic SDH and prokaryotic FRD and SDH. Regulation of expression of FRD and SDH is also discussed in this review.
THE AEROBIC MITOCHONDRIAL RESPIRATORY CHAIN
The respiratory chain is of great importance in the energy metabolism of aerobic organisms. The respiratory chain oxidizes reduced co-factors, such as NADH, which are produced by catabolic pathways like Krebs cycle and fl-oxidation. The respiratory chain generates a proton gradient that can be used for the synthesis of ATP.
As an example of a typical aerobic respiratory chain, a mitochondrial electron transport chain is shown in Figure 1 . It comprises four integral membrane protein complexes and two electron transporters (Figure 1 ). Complex I oxidizes NADH and transfers two electrons to the electron transporter ubiquinone, which will be reduced to ubiquinol. Complex II, on the other hand, oxidizes succinate to fumarate and also transfers two electrons to the electron transporter ubiquinone. Complex III oxidizes the formed ubiquinol and transfers the accepted electrons to cytochrome c, which is then reduced. Subsequently, complex IV oxidizes cytochrome c and the accepted electrons are finally transferred to oxygen. In aerobically functioning organisms, oxygen serves as the terminal electron acceptor, while all compounds of the respiratory chain are continuously reduced and oxidized. Complexes I, III and IV translocate protons over the mitochondrial membrane, resulting in a proton gradient. Subsequently, the proton gradient can be used by ATP synthase to convert ADP to ATP. This way, the respiratory chain is the major source of ATP production in aerobically functioning organisms.
REDOX BALANCE IN ANAEROBIC METABOLISM
Many organisms, including microbes, invertebrates, vertebrates and plants, experience anoxia. Some species are highly adapted for prolonged survival or even continuous functioning under these conditions. Organisms that are able to function without oxygen as terminal electron acceptor have to maintain redox balance without aerobic respiration. Hence, the reduced cofactors produced by the catabolic pathways in these organisms have to be oxidized by an alternative process. In principle, three mechanisms can be described to maintain redox balance in anaerobically functioning organisms: alternative respiration, fermentation and dismutation. (1) Some anaerobically functioning organisms are able to use other external compounds as terminal electron acceptor, instead of oxygen. These organisms contain a respiratory complex that transfers electrons to an alternative terminal electron acceptor. Alternative respiration is found in many prokaryotic organisms, which use a wide variety of terminal electron acceptors, including nitrate, nitrite, fumarate, sulphite, manganese(IV) oxides, iron(III) oxides and carbon dioxide.
(2) Fermentation of substrates avoids the net production of reduced co-factors. Hence, both oxidation and reduction of the substrate must occur. Carbohydrates are the main substrate for fermentation, because lipids are too reduced to be fermented. Production of ethanol or lactate from glucose is a fermentative process which is found in many organisms. Because the substrates are not completely oxidized, fermentation will produce a smaller amount of energy compared with the aerobic degradation of substrates. Fermentation in this form does not involve any part of the respiratory chain and will not generate a proton gradient. ATP formation occurs by substrate-level phosphorylation.
(3) Dismutation of substrates is another fermentation variant that enables some anaerobically functioning organisms to maintain redox balance by avoiding the net production of reduced cofactors. In this case carbohydrates are degraded by the glycolytic pathway to phosphoenolpyruvate, which is subsequently converted to malate. Instead of an oxidation followed by a reduction in a linear pathway (as occurs in the production of lactate to maintain redox balance), now in a split pathway one portion of the substrate (malate) is oxidized (to acetate) and another portion is reduced (to succinate) ( Figure 2 ) [reviewed in [6] [7] [8] Figure  3 ). By this process, internally formed fumarate is used as terminal electron acceptor. Dismutation uses part of the classical respiratory chain, and fumarate respiration will produce a proton gradient by complex I of the respiratory chain, which can be used for ATP synthesis. The overall difference in standard redox potentials between electron donor (NADH) and acceptor (menaquinone) in this situation is, however, decreased compared with the aerobically functioning complex I when ubiquinone is the acceptor (Figure 3) . Hence, complex I might generate less energy per mol of NADH when it is coupled to malate dismutation, compared with aerobic respiration [9] [13] . This suggests that SDH is unable to function as an FRD under in vivo conditions. However, it should be realized that the expression of SDH is repressed when aerobic respiration is inhibited and FRD activity is needed. This repression of SDH transcription could be the explanation for the observed inability of SDH to compensate for the FRD deletion. Therefore, it is unclear yet, whether prokaryotic SDH is able to catalyse both the SDH and FRD reactions under in vivo conditions. Interestingly, all characterized subunits of eukaryotic complex II are similar to the prokaryotic SDH subunits, although some of the eukaryotic complexes II are known to act as an FRD in vivo (see below).
STRUCTURAL PROPERTIES OF FRD
Although FRD is studied mainly in E. coli, FRD of other organisms has also been described. Membrane-bound FRD activity is found in a wide variety of bacteria and also in protozoa, parasitic helminths, annelids, sea mussels and other marine organisms. Membrane-bound FRD consists of a complex of three or four non-identical subunits; A, B, C and D [14] . The hydrophillic subunits FRD-A and FRD-B form the catalytic domain, whereas one or two small hydrophobic subunits form the membrane anchor.
In some organisms also a soluble FRD activity has been described. Flavocytochrome c from Shewanella putrefaciens is a soluble FRD, which lacks a membrane anchor. Its flavoprotein domain is structurally related to the flavoprotein subunits of membrane-bound FRD and SDH [15, 16] . The function of soluble FRD in anaerobic respiration is still unclear. The model shows the two arginine residues of FRD-A, which bind the substrate at the two carboxyl groups. The His-232 residue functions as the base and reduced FAD as the donor of two electrons (pink arrows). FAD is covalently linked to the histidine residue 44. In addition, FAD is non-covalently bound by FRD-A by two conserved regions, which interact with the and the top of the AMP moiety of FAD, respectively. Adapted from Schroder et al. [27] .
Structural and functional properties ofmembrane-bound FRD of E. coli have been reviewed in detail by Ackrell et al. [1] and those of E. coli SDH by Ohnishi [3] and Hederstedt and Ohnishi [2] . Here, the emphasis will be on the comparison of FRD and SDH complexes to describe functional and structural relations.
The flavin-containing FRD-A subunit
The approximately 66 kDa FRD-A subunit of all described membrane-bound FRD complexes contains a covalently bound FAD prosthetic group ( Figure 4 ) [14, 17] . Because of this flavoprotein group the A-subunit is also called the Fp subunit. When the FAD group is removed from the A subunit by dialysis with potassium bromide, FRD activity is abolished. Addition of FAD to apoenzyme restores the activity [18] . Therefore, the FAD prosthetic group is essential for the functioning of FRD. FAD can be covalently linked to proteins via a His, Cys or Tyr residue [19] . In FRD-A of E. coli the His" residue binds FAD by an 8a[N(3)-histidyl] linkage, similar to the FAD linkage in SDH-A [17, 19] . FAD is post-translationally attached to FRD-A and SDH-A, possibly with Krebs cycle intermediates functioning as allosteric effectors [1] . In addition to the covalent linkage, FAD is also non-covalently bound to FRD-A in E. coli by two FAD binding domains. These two FAD binding regions are conserved in all FRD-A and SDH-A subunits, indicating the functional importance of these regions [20] .
The redox potential of FAD in wild-type FRD of E. coli (E"' = -55 mV) [21] is increased compared with unbound FAD (E"' =-219 mV) [22] . Blaut et al. [18] suggested that the covalent linkage of FAD contributes to raising the redox potential of FAD. After site-directed mutagenesis of the His44 of FRD-A in E. coli, FAD was only non-covalently bound to FRD-A. The activity of the mutant complex was decreased in the direction of fumarate reduction, whereas it was completely lost in the direction of succinate oxidation [18] . Hence, the increased standard redox potential of FAD is important for optimal functioning of FRD and essential for SDH activity.
Chemical-modification studies indicated the presence of a reactive thiol at the FRD-A subunit of E. coli that is protected by substrate and the competitive inhibitors oxaloacetate and malate [21, 23] . The thiol group was originally thought to be essential for the activity of the catalytic domain as well as for the tight binding of inhibitory oxaloacetate [24] . However, the cysteine residue located near the active site is not conserved in all sequenced A-subunits [25, 26] . Furthermore, site-directed mutagenesis demonstrated that although the conserved Cys247 residue in E. coli is responsible for inhibition by thiol reagents, the Cys247 is not essential for the catalytic activity nor for the tight binding of oxaloacetate [27] . The inhibition of FRD activity by thiol reagents is therefore probably caused by steric hindrance of the active site [27] .
In E. coli FRD-A, the Arg248 residue is thought to be involved in the binding of dicarboxylate substrate(s) (Figure 4 ) [27] . As proposed by Vik and Hatefi [28] for SDH, the essential His232 residue of FRD-A functions as a general acid-base catalyst [27] . Histidine can act as a proton donor for fumarate reduction. Sitedirected mutagenesis showed that the protonation of the putative carbanion intermediate is not solely performed by the His232 residue, but probably the conserved residues Glu245 and Glu250 are also involved in protonation [27] . Schroder et al. [27] proposed a model for the active site of the FRD-A subunit of E. coli, in which the His232 acts as a proton donor and two arginine residues are involved in the binding of the dicarboxylic compound ( Figure   4 ).
The FRD-B subunit containing Iron-sulphur complexes The 27 kDa FRD-B subunit contains iron-sulphur clusters and is therefore also called the Ip subunit. This subunit is thought to be involved in the electron transfer from the reduced quinone to the active site of the FRD complex [14, 29] . With magnetic circular dichroism (MCD) and e.p.r studies, it was shown that the FRD-B subunit of E. coli contains three iron-sulphur clusters formed by 11 [14, 30] .
Site-directed mutagenesis indicated that the first group of four cysteine residues in E. coli FRD-B, located at positions 57, 62, 65 and 77, is involved in the formation of centre 1 [31] . Centre 1 is composed of four cysteine residues in all described B subunits of both FRD and SDH except for the E. coli SDH centre 1, which contains only three cysteine residues [31, 32] . Although the amino acid sequence of centre 1 is similar to chloroplast-type ferrodoxins, the redox potential of FRD-B centre 1 (-79 mV) is higher than the potential of chloroplast type ferrodoxins (E"' = -350 mV to -450 mV) [31] . This elevated redox potential of centre 1 is essential for catalytic function of FRD [31] . In general, centre 1 has a lower redox potential in FRD (E"' = -20 mV to -80 mV) compared with SDH (E"' = -1O mV to + 80 mV), which is consistent with the direction of the electron flow ( Figure  3 ) [1, 33, 34] . The molecular mechanism by which the redox potential in SDH is elevated is unknown.
From sequence analysis, residues Cys'48, Cys151, Cys154 and Cys214 of E. coli FRD-B were assigned to be the ligands of centre 2, the [4Fe-4S] cluster [30] . The [30] . This conserved sequence is also found in other B subunits of FRD as well as SDH complexes [1] . Centre 2 requires the presence of the FRD-A subunit for proper assembly [35] . Based on e.p.r. studies, centre 2 is thought to be located close to centres 1 and 3 [3] . Centre 2 of the B-subunits from both SDH and FRD contains a very low redox potential (-285 to -320 mV), which poses a problem with regard to its role in the functioning of the enzymes [36] . The cluster by the substitution of VaI207 by a Cys residue, which results in a partially inactivated enzyme [30] . The preferential requirement of a [3Fe-4S] cluster in FRD-B is likely to be caused by the large difference in standard redox potentials between a [4Fe-4S] and a [3Fe-4S] cluster, -300 mV to -600 mV and + 80 mV to -250 mV, respectively [1] . In general, centre 3 has a lower standard reduction potential in FRD compared with SDH. An exception is the SDH ofBacillus subtilis which contains a centre 3 with a low potential [1] .
Homology In A and B subunits from various organisms
The A subunits of all characterized FRDs and SDHs possess a remarkable amino acid sequence similarity (Table 1) . Somewhat less amino acid sequence similarity is found between the B subunits of all characterized FRD and SDH complexes (Tables  1 and 2 ). These similarities are an indication for a common ancestor for the catalytic subunits of both FRD and SDH [37] . Gest [38, 39] suggested that the earliest enzymes that reduced fumarate were soluble and functioned primarily to retain redox balance in the cell by oxidizing NADH for simple fermentation reactions. In the course of evolution it was energetically advantageous to couple phosphorylation with electron transport to fumarate by association of the enzyme with the membrane. This required the presence of intermediate electron carriers of suitable redox potential: iron-sulphur clusters, cytochrome b and menaquinone. The flavin was still non-covalently bound and it was suggested that an essential step towards aerobic electron transport could have been the covalent attachment of the flavin moiety to allow succinate oxidation, as covalent binding of the FAD prosthetic group is essential for SDH activity but not for FRD activity [18] . Succinate oxidation is thermodynamically favoured in most aerobic organisms by the synthesis of ubiquinone instead of menaquinone to raise the redox potential of the electron acceptor (see below). Further refinement towards succinate oxidation instead of fumarate reduction might have occurred by relatively small changes in protein structure. These changes resulted for instance in increased redox potentials of the iron-sulphur clusters.
The A as well as the B subunit of eukaryotic SDH are most related to the A and B subunits of E. coli SDH [40, 41] , whereas relatively less sequence similarity is found with the A and B subunits of SDH from the Gram-positive bacterium B. subtilis [25] (Tables 1 and 2 ). Therefore, Kita et al. [42] suggested that eukaryotic SDH is more related to SDH of Gram-negative bacteria than to other prokaryotic SDH.
Interestingly, the B subunits of the anaerobically functioning adult parasitic worms A. suum and H. contortus demonstrate higher amino acid sequence similarity with mitochondrial SDH-B subunits compared with bacterial FRD-B subunits (Table 2 ) [5, 43] . In addition, the A subunit of A. suum demonstrates high sequence similarity with mitochondrial SDH-A [20] . However, complex II of adult parasitic worms functions in vivo in the direction of fumarate reduction [8] . Parasitic complex II functioning as an FRD is structurally clearly distinct from prokaryotic FRD, and therefore complex II of parasitic helminths is an interesting model to study the structural and functional relations between enzyme complexes oxidizing succinate and those reducing fumarate.
The small hydrophobic subunits, FRD-C and FRD-D The 15 kDa and 13 kDa hydrophobic subunits FRD-C and FRD-D of E. coli are essential for attachment of the catalytic subunits FRD-A and FRD-B to the membrane as well as for electron transfer through the complex [10, 13, 44, 45] . Both FRD-C and FRD-D are thought to contain three membrane spanning domains [14] .
Based on mutational studies [46, 47] Qulnone composition E. coli is able to synthesize three different quinones (reviewed by Bentley and Meganathan [59] ) each with a different standard redox potential: ubiquinone (E"'= +I 00 mV), menaquinone (E"' = -74 mV) and demethylmenaquinone (E' = + 36 mV) ( Figure 5 ). Mutational studies revealed that in aerobic and nitrate respiration ubiquinone is preferentially used as electron carrier [60] , whereas in fumarate respiration menaquinone and demethylmenaquinone are used [61, 62] . Mutated E. coli strains that were unable to synthesize ubiquinone, could not grow aerobically on non-fermentable substrates, although menaquinone was present in the membrane in small amounts [63] . This suggests that ubiquinone is essential for SDH functioning and cannot be replaced by menaquinone.
Interestingly however, Gram-positive bacteria contain menaquinone and no ubiquinone. B. subtilis, for instance, which is known to be strictly aerobic and hence was expected to contain ubiquinone, contains menaquinone [64] . Lemma et al. [65] showed that menaquinone is directly involved in succinate oxidation in B. subtilis. In vitro however, SDH of B. subtilis is able to function with naphthoquinones (menaquinone) as well as benzoquinones (ubiquinone) [65] . The activity of SDH of B. subtilis, determined in vitro, increased when menaquinone analogues were replaced by ubiquinone analogues [65] , suggesting that although menaquinone is used in the aerobic respiration of B. subtilis, ubiquinone is the favoured quinone. Complex 1I of B. subtilis, which functions in vivo as an SDH, possesses more FRD characteristics apart from its quinone. Centre 3 of the B subunit has a low standard redox potential [66] and complex II of B. subtilis does not show the kinetics usually observed for an SDHlike complex II but the kinetics are that of an FRD [67] . The observed FRD-like characteristics of complex II of B. subtilus might enable the bacterium to use menaquinone instead of ubiquinone as electron acceptor in vivo during succinate oxidation. In general, however, FRD complexes interact with quinones that contain a low standard redox potential (E' = -70 mV), whereas SDH complexes interact with. quinones containing a higher standard redox potential (E°' = + 100 mV).
Mitochondrial membranes of anaerobically functioning adult parasitic helminths contain mainly rhodoquinone [68] (E°'= -63 mV), which has a standard redox potential similar to menaquinone, although it is structurally related to ubiquinone ( Figure 5 ). Next to parasitic helminths, rhodoquinone is also found in fumarate reducing, facultative anaerobically functioning eukaryotic organisms, like sea mussels and oysters (J. J. Van Hellemond and A. G. M. Tielens, unpublished work) and also in the algae Euglena gracilis [69] . Apparently eukaryotic complexes II functioning in the direction of fumarate reduction, interact with rhodoquinone, whereas most prokaryotic FRDs interact with naphthoquinones (menaquinone). Interestingly however, rhodoquinone is also present in a few prokaryotic organisms. Rhodospirillum rubrum and some other members of the family Rhodospirillaceae (facultative phototrophic purple non-sulphur bacteria) contain, apart from ubiquinone, also rhodoquinone. It should be noted that only those Rhodospirillaceae that contain rhodoquinone or menaquinone were found to possess FRD activity; the species containing exclusively ubiquinone, showed only SDH activity [70] . Recently, rhodoquinone was also demonstrated in Gram-negative aerobic chemoheterotrophic bacteria isolated from sludge, but the biological significance of rhodoquinone in these isolates is still unknown [71, 72] .
Whereas anaerobically functioning adult parasitic helminths contain mainly rhodoquinone, the aerobically functioning freeliving stages of parasitic worms contain ubiquinone [4, 68] . In addition, a correlation was found in the parasitic helminth F. hepatica between its energy metabolism and the quinone composition. This liver fluke changes its energy metabolism during development [8] . The aerobically functioning juvenile with Krebs cycle (and hence SDH) activity changes gradually into an anaerobically functioning adult with fumarate reduction (and hence FRD) activity. During this process, ubiquinone is gradually replaced by rhodoquinone (J. J. Van Hellemond and A. G. M. Tielens, unpublished work).
It is unknown yet how the synthesis of these quinones is regulated. It has been found, however, that in E. coli cyclic AMP (cAMP) and the cAMP receptor protein induce the expression of the ubiG gene which codes for the last enzyme in the pathway of ubiquinone biosynthesis [73] . Therefore, in E. coli, the presence of glucose inhibits the expression of the ubiG gene as well as the transcription of SDH. The FNR protein (see below) is not involved in the regulation of quinone biosynthesis [74] .
Location and assembly of FRD and SDH complexes
The FRD complex of E. coli is anchored to the inner membrane with the FRD-A and FRD-B subunits located at the cytoplasmic-FeS Figure 6 Proposed assembly model for FRD During or immediately after translation the FRD-C and FRD-D subunits interact with each other and subsequently the FRD-CD complex is incorporated into the cytoplasmic membrane. The FRD-B subunit first binds iron, before it attaches to the FRD-CD complex. Subsequently, the FRD-A subunit will bind to the FRD-BCD complex, while it already contains covalently bound FAD. (Adapted from Latour and Weiner [77] ).
site of the membrane [75] . In this FRD complex the FRD-B subunit is inaccessible to labelling by phenylglyoxal, iodosulphanilic acid and lactoperoxidase-catalysed iodination, which suggests that FRD-B is completely surrounded by the other subunits [76] . This hypothesis is consistent with cross-linking studies, which showed an FRD-A interaction with FRD-B, FRD-C and FRD-D [14] .
All subunits of E. coli FRD are thought to be synthesized at soluble ribosomes and no post-translational modifications have been described, except for FAD-and iron-binding by the A and B subunit, respectively [77] . FRD-C and FRD-D probably interact already during translation or immediately thereafter, because separation of these two coding sequences causes the loss of FRD function [13] . Deletion of FRD-C or FRD-D as well as truncation of FRD-D results in a soluble FRD-AB or FRD-ABC complex, respectively, which indicates that both FRD-C and FRD-D are essential for membrane attachment of the FRD-AB complex [13, 78] . Although FRD-A and FRD-B form a dimeric complex in the absence of the FRD-CD complex [44] , Latour and Weiner [77] proposed an assembly model for FRD in which the FRD-B and FRD-A subunits bind subsequently to the FRD-CD complex ( Figure 6 ). This model is based on pulse-chase insertion experiments.
Assembly of eukaryotic SDH or FRD complexes has to occur completely differently than in prokaryotes. Bacterial SDH and FRD are located in the cytoplasmic membrane, whereas eukaryotic SDH and FRD are located in the inner mitochondrial membrane with the active site located in the matrix [79] . In this respect, the SDH-A protein of S. cerevisiae was indeed shown to contain an N-terminal signal sequence for translocation into the mitochondrion [80] . Eukaryotic assembly of SDH has been studied in yeast. Disruption of the A subunit results in the loss of both the A and B subunits from sub-mitochondrial membranes suggesting that assembly is required for its stability or membrane attachment [81] . Recently, the assembly of SDH in S. cerevisiae was studied using both SDH-D gene disruption and chimeric genes encoding the B subunit [82, 83] . These studies indicated that the SDH-D subunit is involved in anchoring of the A and B subunit, as well as in the electron transfer to ubiquinone. Furthermore, the region between the first and the second iron-sulphur cluster of the B subunit is essential for proper assembly and function of the SDH complex. Interestingly, this region is poorly conserved, indicating that regions involved in electron transport are better conserved than regions involved in assembly and binding of subunits. coli. This process of electron transfer from the quinol to fumarate occurs via the following events ( Figure 7) . FRD accepts two electrons from the quinol by two le-steps at separate sites. Subsequently, electrons are transferred to centre 3 (El' = -60 mV) and then to the FAD prosthetic group (E"' = -55 mV) of the FRD-A subunit, with centre 1 (E"' =-20 mV) probably serving as an intermediary or storage site [11] . The FAD +30 mV +30 mV Figure 7 Model of electron transfer In SDH (red) and FRD (pink) of E. coli
The electron flow in FRD is in the opposite direction compared with SDH. SDH transfers electrons to ubiquinone (UQ), whereas FRD accepts electrons from menaquinol (MQH2). The centres 1, prosthetic group of the FRD-A subunit is thought to be directly involved in the reduction of fumarate [27] . Although mutational studies in E. coli showed that SDH as well as FRD complexes are able to transfer electrons in both directions in vitro, Sucheta et al. [11, 84] showed by direct voltametric measurements that the catalytic SDH subunits transfer electrons towards the active site to reduce fumarate by kinetics that were different from those of FRD. The catalytic subunits of SDH reduce fumarate readily at potentials close to the standard redox potential of the fumarate succinate couple, but this activity is decreased when the redox potential is lowered. Apparently, the activity of SDH, measured in the direction of fumarate reduction, decreases when the driving force is increased. This interesting phenomenon was described as a diode-like behaviour, because within a narrow range of redox potentials, electrons are transferred unidirectionally. Sucheta et al. [84] suggested that this behaviour is caused by the redox sensitivity of the rate-limiting step, which could be binding of the substrates or release of the products. This suggestion correlates with the change in affinity of the active site for succinate and fumarate upon oxidation or reduction of the subunits [1] . On the other hand, Grivennikova et al. [85] suggested that the electron transfer by centre 3 is rate-limiting in the overall reaction.
FRD from E. coli does not demonstrate the diode-like behaviour observed with SDH, and fumarate reduction is not inhibited by an increased driving force [11, 67] . This correlates well with the function of the FRD complex in vivo, as it is supposed to reduce fumarate in reduced environments.
Intriguingly, SDH of B. subtilis demonstrated no diode-like behaviour in contrast to SDH of E. coli and cattle, whereas complex II of adult A. suum, which functions as an FRD, showed diode-like behaviour [67] . In addition, complex II of the adult Parasitic complex II, which functions in the direction of fumarate reduction, possesses more SDH-like characteristics apart from its diode-like behaviour. Parasitic complex II as well as SDH interact with a benzoquinone, in contrast to most prokaryotic FRDs which interact with a naphthoquinone. Parasitic complex II interacts with rhodoquinone, which is structurally related to ubiquinone ( Figure 5 ). Most prokaryotic FRDs however, interact with menaquinone which is not as closely related to ubiquinone.
In conclusion, in contrast to prokaryotic FRD, eukaryotic complexesII, functioning in the direction of fumarate reduction, possess SDH-like properties. Furthermore, complex II of parasitic worms is structurally more related to mitochondrial SDH than to prokaryotic FRD [5, 86] induced in E. coli. Then, differential expression of respiratorychain enzymes depends on the presence of terminal electron acceptors, as reviewed by Spiro and Guest [87] and Lin and luchi [88] . In the presence of oxygen, ATP is generated by oxidative phosphorylation, which requires Krebs cycle activity and, hence, SDH activity. When limiting amounts of oxygen are present, SDH and Krebs cycle activity are repressed and respiration without oxygen is induced. Under these conditions, formate and nitrate (E' = + 420 mV) are preferred as electron acceptors above fumarate (E"' = + 30 mV) [88] .
To prevent wasteful synthesis, E. coli contains regulatory systems to induce the appropriate enzymes for respiration. At least four transcriptional regulator systems are involved in the expression of SDH and FRD: the cAMP receptor protein (CRP) system, the aerobic respiration control (ARC) system, the fumarate and nitrate reduction (FNR) system and the nitrate reduction (NAR) system (Figure 8 Infnr-deletion mutants the basal FRD activity is increased 3-fold upon anaerobic growth [115] . Hence, FNR is probably not the only inducer of FRD transcription under anaerobic conditions in E. coli [104] . Changes in the superhelicity state of DNA could also be involved in the regulation of transcription of FRD and SDH, as it has been shown that changes in supercoiling caused by anaerobiosis lead to changed expression of several genes [88] . In addition to induction by anaerobiosis, FRD transcription is also increased by elevated fumarate concentrations [116] . A gene or protein responsible for this substrateinduction of FRD has not yet been identified [88] .
Almost no reports have been published on the transcriptional regulation of FRD under anaerobic conditions in prokaryotic described that encode proteins that are functionally similar to E. coli FNR. These proteins promote oxygen-dependent transcription of several genes. However, no direct interaction between these FNR-like proteins and the regulation of FRD transcription has been shown yet.
Free-living stages of parasitic protozoa and helminths are known to contain Krebs cycle activity and, therefore, SDH activity, whereas adult parasitic stages reduce fumarate [7] . Therefore, these parasites have to contain regulatory systems to convert their metabolism. Recently, Roos and Tielens [5] showed differential expression of two different genes both encoding B subunits of complex II in the life cycle of the parasitic helminth, H. contortus. One of these genes was expressed throughout the life cycle, whereas the other was only expressed in the free-living stages, where an aerobic metabolism prevails. This is the first report indicating the existence and transcriptional control of different genes encoding the B subunit of complex II in eukaryotic organisms.
FUTURE PROSPECTS
Although electron transfer in SDH and FRD has been extensively studied, the exact mechanism of the reactions is still unclear. The functions of the cytochrome b haem groups and centre 2 of the B subunit, in particular, have to be studied further to unravel the exact route of electron transfer in SDH and FRD.
The function of the membrane-anchoring subunits in quinonebinding and electron transfer remains to be clarified also. The structure and properties of these subunits are interesting because SDH and FRD bind different quinones. Therefore, these subunits might have a critical role in determining the preferred direction of electron flow [14] . Unfortunately, relatively few membraneanchoring subunits have been characterized so far.
Structural and functional properties of prokaryotic FRD are distinct from prokaryotic and eukaryotic SDH. Apparently, the existence of two different complexes has its advantages for prokaryotes. However, it has hardly been studied whether facultative anaerobic eukaryotes that perform fumarate reduction also possess a complex II different from the complex II they use during aerobic functioning. In addition, the structural characteristics of complex II that determine the preferential direction of catalysis, need further study. Especially intriguing are the eukaryotic complexes II functioning in the direction of fumarate reduction, that demonstrate three SDH-like characteristics: (i) a higher amino acid sequence similarity to mitochondrial SDH than to FRD of prokaryotes, (ii) kinetics distinct from prokaryotic FRD and similar to SDH because they show diodelike behaviour and (iii) interaction with benzoquinones, like SDH does, whereas prokaryotic FRD interacts with naphthoquinones. On the other hand, these eukaryotic complexes II are apparently very well suited to react as an FRD, because, in vivo, they function in the direction of fumarate reduction. Furthermore, when measured in both directions, the ratio of FRD: SDH is much higher than in typical aerobically functioning mammalian tissues, like rat and bovine heart [1 17; J. J. Van Hellemond and A. G. M. Tielens, unpublished work]. These observations indicate that eukaryotic FRD is distinct from prokaryotic FRD and more related to mitochondrial SDH. Elucidation of the structure of the possibly various types of complex II of these eukaryotes, will provide more information on structural and functional relations between enzymes reducing fumarate and those oxidizing succinate.
Apart from being a good model to study eukaryotic FRD, complex II of parasitic helminths is also of clinical interest because the reduction of fumarate is essential for these organisms organisms other than E. coli. In some bacteria, genes have been and is likely to be catalysed by a complex that is distinct from complex II of the host. Quinone antagonists or analogues can inhibit energy metabolism in parasitic helminths [118, 119] . It is obvious that complex II forms a promising target for the inhibition of energy metabolism in parasites.
